Introduction {#s0010}
============

Schizophrenia is a debilitating and complex brain disorder of unknown etiology. Complicating our understanding of the causes and pathophysiology of schizophrenia is the likelihood that what we call schizophrenia is actually a heterogeneous assemblage of etiological conditions across a broad spectrum ([@bib10]). Reigning evidence supports a schizophrenia etiopathogenesis arising from and perpetuated by a multisourced genetic by environmental interaction ([@bib46]; [@bib136]; [@bib205]; [@bib204]). Although schizophrenia is highly heritable, the disease is polygenic, and gene studies to date have identified an enormous number of susceptibility loci ([@bib107]; [@bib163]). Thus, the disease is thought to manifest when one or more of many possible genetic predispositions co-occurs with exposure to one or more of many possible environmental factors. Relevant environmental factors can derive from a diversity of sources including exposures to infection, food-derived antigens, stress, smoking, cannabinoids, pollutants, and other toxins ([@bib4]; [@bib5]; [@bib71]; [@bib72]; [@bib77]; [@bib174]; [@bib194]; [@bib222]; [@bib224]). If these exposures coincide with critical periods of fetal and neonatal brain maturation, there is the potential to aberrantly impact important brain processes including neural migration, synaptogenesis, myelination, and synaptic pruning. Coinciding with these neurodevelopmental landmarks are events crucial for the instigation and maturation of innate and adaptive immunity.

A possible role for immune system dysregulation in schizophrenia etiopathogenesis would reconcile both genetic and environmental hypotheses. A number of genetic loci found to associate with schizophrenia involve immune functions directly or implicate biological pathways that can influence immune function. For example, a consistently replicated locus for association with schizophrenia is the 6p22 chromosomal region that houses the major histocompatibility (MHC) locus and human leukocyte antigens ([@bib41]; [@bib155]; [@bib176]; [@bib183]). The MHC/human leukocyte gene family functions to identify self and nonself entities and any dysfunction of these genes can render susceptibility to infectious disease, graft rejection, cancer, and autoimmunity. Environmental triggers that show consistently replicated associations with schizophrenia are also those that result in immune activation. Exposures to infectious pathogens, food antigens, and autoantigens have been especially well-studied risk factors for the development of schizophrenia, and special consideration is afforded to the timing, intensity, and type of immune activation elicited by these exposures ([@bib101]; [@bib109]; [@bib111]; [@bib132]; [@bib142]; [@bib160]; [@bib174]; [@bib201]; [@bib222]).

The focus of this chapter is to review some of the evidence in support of an immune and autoimmune dysfunction in the etiology, pathogenesis, and pathophysiology of schizophrenia. From a historical perspective, a recurrent immune theme predominated the early literature with a particular emphasis on schizophrenia-associated immunoglobulins and antibrain antibodies. These ideas still formulate the basis of current immune topics in schizophrenia, but over the years the scope has widened beyond the adaptive immune system to encompass also innate immunity. Advances in our understanding of inflammation and mediators of both the adaptive and innate immune system and their functional roles in standard brain physiology provide an important context by which schizophrenia might arise as the result of the coupling of immune and neurodevelopmental dysregulation.

Primer on Basic Immunology {#s0015}
==========================

The focus of this review on immune system aberrations in schizophrenia requires a review of basic knowledge of the major molecules and cells involved in the highly regulated balance of interacting innate and adaptive immune pathways. The function of the immune system is to protect the organism from disease and allow distinction between self and nonself entities, a process that is generally classified into the innate (nonspecific, always present) and adaptive (specific, triggered) immune systems. The innate immune system is composed of physical epithelial barriers, monocytes/macrophages, dendritic cells, natural killer cells, and circulating plasma proteins. Microbial invaders or compromised cells interact with recognition receptors found on monocytes/macrophages and dendritic cells. Pattern recognition receptors can be cytoplasmic, membrane-bound, and secreted and include Toll-like receptors, complement receptors, nucleotide-binding oligomerization domain (NOD)-like receptors, pentraxins, and C-reactive protein. The adaptive immune system is composed of two immune response types: humoral (antibody) immunity and T-lymphocyte-mediated immunity. During activation of the adaptive immune system, binding of the invading antigen to B lymphocytes precipitates its differentiation into plasma cells that produce immunoglobulin antibodies specifically targeted to the invading antigen ([@bib3]; [@bib160]). The complement system acts in conjunction with the humoral immune system to form immune complexes with the antibody bound antigens and clear these from the body ([@bib208], [@bib209]). Upon binding to monocytes/macrophages, pathogenic and other antigens also trigger the T-cell cascade, where T cells differentiate into cytotoxic T cells, T-helper cells, and natural killer cells. The lysis of cells containing the invading antigen is accompanied by the production of pro- and anti-inflammatory cytokines, signaling proteins that function in immune regulation ([@bib3]; [@bib160]).

Dysregulation of any of these molecules, proteins, or cells at any stage of these pathways irrespective of a genetic or environmental origin can result in disorders of the immune system, which generally can take the form of inflammatory diseases, immunodeficiency, autoimmunity, or some forms of neoplasia. For complex psychiatric disorders such as schizophrenia, it is also necessary to understand how perturbations of these immune processes might impact the brain. Because schizophrenia is thought to originate as a result of aberrant neurodevelopment, it is important to note that for a number of these classic immune factors, including complement, MHC, Toll-like receptors, and pentraxins, additional functions in the developing brain are continuously being identified ([@bib19]; [@bib23]; [@bib27]; [@bib76]; [@bib79]; [@bib81]; [@bib144]; [@bib154]; [@bib187]; [@bib188]; [@bib203]). It is also becoming increasingly evident that circulating endogenous peripheral immune entities may directly access the central nervous system (CNS) as a result of directed regulation or compromised endothelial barriers. At the same time, it is possible that invading or resident pathogens or their products could directly exert detriment to the CNS by similarly penetrating these barriers. As such, the spectrum of psychiatric dysfunctions known as schizophrenia may be the compilation of different stages of an immunoneurological intersection gone awry from both external and internal pathological molecules and pathways.

Historical Perspective of the Immune--Schizophrenia Association {#s0020}
===============================================================

Early observations prepared a foundation for the studies of today where the role of immune activation is no longer questioned but understood to be the most parsimonious etiological explanation that encompasses a gene by environment landscape of schizophrenia. In this section, we will review the history of these immune associations and especially illuminate adaptive humoral immune system dysregulation because immunoglobulin abnormalities were the focus of early investigations ([@bib109]; [@bib160]). Although many of these early studies are inconsistent regarding the impact of any single infectious pathogen or autoimmune reaction against brain tissue, these investigations offer snapshots of how the immune process might be relevant to and influence brain function. Importantly, they bring to light issues that are still relevant today and that are now studied without previous restrictions such as unrecognized disease heterogeneity, constricted study designs, and limited laboratory technologies.

Activation of the adaptive immune system and specifically of humoral immunity generally is manifested by changes in the levels of immunoglobulin antibodies with respect to the disease state. Schizophrenia-associated changes in the levels of plasma and cerebrospinal fluid (CSF) proteins were repeated findings that implicated immunoglobulins and solidified the idea that in schizophrenia, either an infectious or an autoimmune process might be occurring ([@bib6]; [@bib25]; [@bib37]; [@bib58]; [@bib67], [@bib68]; [@bib80]; [@bib96]; [@bib164]; [@bib180]; [@bib193]). Of particular interest were reports that people with schizophrenia who had elevated immunoglobulin levels were also the least likely to show clinical improvement over the course of hospitalization compared with those with lower immunoglobulin levels ([@bib6]).

An infectious disease component contribution to psychotic mental disorders is often first attributed to [@bib64], who suggested that the dissemination of psychoses unfolds similarly to an epidemic-like process ([@bib64]). This observation was followed by other reports of psychotic epidemics in the decades following World War I and the 1918 influenza epidemic ([@bib109]; [@bib130], [@bib131]; [@bib200], [@bib201]). The possible role of an antigen derived from a pathogenic organism such as a virus or bacteria took root in various forms and the early years of the viral hypothesis of schizophrenia is well-reviewed by [@bib200], [@bib201] and [@bib109], with exposures to neurotropic viruses such as herpes simplex virus 1, measles, and rubella figuring prominently ([@bib109]; [@bib200], [@bib201]).

There was also an extensive literature base primarily from the 1940s to 1950s that describe a variety of antibody reactions in people with schizophrenia including the Rosenow antibody--antigen skin reaction. This reaction was based on a hypothesis that several brain diseases such as epilepsy and schizophrenia were the result of alpha-hemolytic streptococci as measured by a cutaneous reaction to a streptococcal antibody or antigen that was obtained and cultured from nasopharynx samples ([@bib159]). Results from these studies were varied, with some showing greater immune response (cutaneous reaction) associated with schizophrenia and others showing no difference ([@bib88]; [@bib159]). We will revisit this idea of a pathogen-derived viral or bacterial source of immune activation in schizophrenia in its current form in a later section, because it is still a relevant hypothesis that is being explored with the benefit of modern tools such as high throughput sequencing.

Meanwhile, early literature on the topic of autoimmunity received similar effort and attention. One very early study of postmortem brain tissue identified the presence of autoantibodies to brain proteins and launched the idea that schizophrenia and other psychoses may have an autoimmune basis ([@bib116]). This theme continued in later decades when the role of autoantibodies to brain proteins was actively studied and disputed ([@bib26]; [@bib58]; [@bib67], [@bib68]; [@bib92]; [@bib93]; [@bib94], [@bib95]; [@bib101]; [@bib109]; [@bib129]). In some of these studies, the observation again came that levels of antibrain antibodies seemed to correlate with the intensity of psychotic symptoms and were generally higher during the early disease state and during acute attacks ([@bib84]; [@bib89]; [@bib182]; [@bib191]).

Where are We Today with the Adaptive Immune Hypotheses? {#s0025}
=======================================================

Dysregulation of the adaptive immune system and especially of humoral immunity still figures prominently in today's literature examining immune-based hypotheses for schizophrenia. Speculation that medication is behind changes in immune marker levels is unavoidable; however, studies of patients who are antipsychotic naive or who have a recent onset of the disease support specific immune activation early in the course of disease, even before medication is administered ([@bib22]; [@bib56]; [@bib57]; [@bib117]; [@bib135]; [@bib137]; [@bib165]; [@bib170]; [@bib172]; [@bib184]; [@bib192]). Next we describe some current evidence available regarding schizophrenia-specific immune responses to external antigens and autoantigens.

Pathogens {#s0030}
---------

Exposure to infectious disease pathogens during the pre- and postnatal period as defined by an antibody response is significantly associated with the future development of or current status of schizophrenia ([@bib9]; [@bib33]; [@bib35]; [@bib66]; [@bib141]; [@bib147]; [@bib217]; [@bib221]; [@bib222]). We include both pre- and postnatal exposure references in this section and in a later section will review the implications on neurodevelopment of strictly maternal-occurring immune activation from a variety of sources including pathogens. Pathogenic microorganisms are relevant to schizophrenia pathophysiology because they or their products can be neurotropic as well as cytotoxic or because the process of immune system activation is pathogenic in schizophrenia. Certain viruses known to be neurotropic include the herpes simplex viruses, cytomegalovirus, and Epstein--Barr virus; these viruses are also of interest because their life cycle can contain a latent state from which they can be periodically reactivated ([@bib109]; [@bib200], [@bib201]). To date, the strongest association of an infectious disease agent with schizophrenia is *Toxoplasma gondii*, a neurotropic parasite, and this relationship is well-reviewed in numerous analyses and meta-analyses ([@bib9]; [@bib139]; [@bib198]; [@bib199]). Other pathogens that have shown significant associations with schizophrenia and psychoses also include Epstein--Barr virus, measles, polio, influenza, coronaviruses, human herpesvirus 2, Borna disease virus, human endogenous retrovirus, and Chlamydophila spp ([@bib9]; [@bib31]; [@bib48]; [@bib104]; [@bib106]; [@bib108]; [@bib128]; [@bib151]; [@bib153]; [@bib167]; [@bib196]).

Of note, exposure to the process of infection may be as or more important than the virulence or neurotropism of any single pathogen. A large study of the Swedish national birth registry suggested that exposure to viral CNS infections during childhood could result in the later development of schizophrenia ([@bib42]). Unlike other investigations, this study did not support a link of bacterial infections with the development of subsequent psychoses. A different study, however, found that urinary tract infections (likely of bacterial origin) were found to occur with increased prevalence in schizophrenia and associated with acute relapse of psychosis ([@bib85]; [@bib134]). Other conditions typically characterized by bacterial infection (sinusitis, tonsillitis, and pneumonia) were associated with the development of schizophrenia in the prenatal exposure scenario, as were genital and other reproductive infections ([@bib12]; [@bib181]).

It is expected that if schizophrenia in some people is the result of a specific virus or parasite, then evidence in the form of DNA sequences would be found in the brain. These data, however, have thus far been elusive. The ability to efficiently search for this needle in a haystack came several years ago with the advent of high-throughput sequencing. The infancy of this field has not yet uncovered evidence for a causative pathogen, but ongoing investigations have brought about findings in unexpected places, including microbes associated with the gut microbiome.

Food Antigens {#s0035}
-------------

The connection between food sensitivity and propensity for schizophrenia was pioneered by F. Curtis Dohan, who hypothesized that wheat glutens and bovine milk caseins were broken down into bioactive exorphins that could penetrate through gut barriers, enter systemic circulation, and have access to the CNS. His work was based on observations of celiac disease overlap with schizophrenia, with strong correlations of hospitalization rates for schizophrenia with wheat availability during wartime and improvement of psychotic symptoms following removal of wheat and dairy products from the diet ([@bib51], [@bib52], [@bib53], [@bib54]; [@bib55]). A recent resurgence in this field is exemplified by the numerous antibody studies that confirm an increased immune response directed at these food antigens, including a role for maternal antibodies to food antigens and the possible presence of an antigen-specific immune reaction up to 2 years before diagnosis of the disease ([@bib39]; [@bib49]; [@bib100]; [@bib105]; [@bib114]; [@bib146]; [@bib161]; [@bib166]; [@bib170]). The presence of food-derived exorphins or antibodies against them have been documented in the CSF of individuals with a variety of psychoses including schizophrenia and coupled with a propensity for blood--brain and CSF--brain barrier defects might implicate a neurotropic role of these peptides in the etiology or pathophysiology of the disease ([@bib11]; [@bib14]; [@bib110]; [@bib120]; [@bib121]).

Autoantigens {#s0040}
------------

Autoimmune disease epidemiology and schizophrenia have been strongly linked for some time, with the first vestiges of the association coming in the form of findings suggestive of an inverse correlation between rheumatoid arthritis and schizophrenia ([@bib20]; [@bib59]; [@bib202]). Observations of a co-occurring psychosis with a number of autoimmune diseases including celiac disease, multiple sclerosis, systemic lupus erythematosus, autoimmune thyrotoxicosis, autoimmune hepatitis, and psoriasis also lent credence to the idea of an interrelated component of autoimmunity and the brain ([@bib20]; [@bib61]). Celiac disease perhaps provides the strongest association with schizophrenia and reinforces the idea that for some, immune activation and autoimmunity have roots in the gut ([@bib13]; [@bib52], [@bib53], [@bib54]; [@bib60]). Celiac disease is a disease whereby the ingestion of wheat gluten launches an immune reaction that damages the epithelial lining of the small intestine through an autoimmune attack on tissue transglutaminase that breaks down the gluten peptide ([@bib2]; [@bib86]; [@bib87]).

In the same way that the type of pathogen infection is probably not as important as the infectious process itself in causing brain pathologies such as schizophrenia, the specific type of autoimmune disease may not be the primary determinant of brain pathology. Instead, the occurrence of a state of autoimmunity and its association with schizophrenia is rather likely to be a suggestion of the pathophysiology or faulty mechanism that is at work, perhaps as a disjunctive operation of an immune system pathway that has failed to function. Large Danish population-based studies, in fact, confirm that individuals or first-degree family members who had any history of an autoimmune disease have a 45% increased relative risk for schizophrenia ([@bib61]). The autoimmune link with schizophrenia was further solidified in an even larger investigation of this registry, and interestingly, this risk was further elevated in those with a history of an infection ([@bib21]). This finding is not surprising given the fairly established literature base supporting the idea that exposure to infectious agents generates an autoimmune response ([@bib63]).

As mentioned in a previous section, documenting and characterizing autoantibodies directed at brain proteins has been intriguing researchers for decades with generally mixed results. Among the many autoantigens analyzed for an association with schizophrenia and psychosis are *N*-methyl-[d]{.smallcaps}-aspartate (NMDA) receptors ([@bib44]; [@bib65]; [@bib101]; [@bib126]; [@bib142]; [@bib149]; [@bib185]; [@bib186]). This NMDA receptor antibody quest was fueled by findings that antibodies to the NMDA receptor were elevated in women with ovarian teratoma and psychoses-related encephalitis ([@bib43]). Other targets of autoimmune investigations include Neuregulin-2, human endogenous retroviruses, cholinergic muscarinic receptors, nicotinic acetylcholine receptors, dopamine D2 receptors, mu-opioid receptors, serotonin receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors, gamma-aminobutyric acid receptors, glutamic acid decarboxylase, potassium channel receptors, cardiolipin, DNA, histones, and mitochondria ([@bib44]; [@bib65]; [@bib101]; [@bib126]). An increased understanding of the underlying immunopathological processes and an improved characterization of reactive epitopes involved in disease pathogenesis might improve the predictive value of autoantibody assays and provide for reliable markers of disease susceptibility.

Moving toward Innate Immunity and "The Process of Immune Activation" {#s0045}
====================================================================

The Gut, Inflammation, and Endothelial Barrier Dysfunction {#s0050}
----------------------------------------------------------

A movement away from schizophrenia as a solely brain-centric disease is an active one in psychiatric research circles where an increasing awareness of the importance of the gastrointestinal (GI) tract, the body's largest immune organ, may share a bidirectional pathway with the brain. The strong association between food-based sensitivities and schizophrenia implicates the GI tract as an important site to search for immunological dysfunction. Food antigen sensitivity is but one of a number of risk factors for schizophrenia that are related to gut inflammation, and this immunoglobulin G (IgG) sensitivity joins other gut-related risk factors such as endothelial barrier defects, celiac disease, and exposure to *T. gondii* ([@bib174]). Research at this interface has shown in translational models that intestinal inflammation is a significant comorbidity of schizophrenia, and markers of this inflammation correlate with antibodies to food antigens such as gluten and casein at heightened rates in people with schizophrenia ([@bib165]; [@bib174]). It has been demonstrated in rodent models that the schizophrenia-associated pathogen *T. gondii* has many effects on the gut and during infection allows the passage of gluten peptides to translocate into circulation and provoke an antibody response ([@bib173]). In the presence of compromised epithelial and endothelial barriers, not only do food-based peptides but also bacteria and other related harmful substances cross into the systemic circulation and generate more inflammation and propagate autoimmunity. Markers of bacterial translocation are elevated in schizophrenia and also found to correlate with the antibody response to food antigens ([@bib171]). Thus gut-based inflammation can be added to the growing list of studies that implicate both peripheral and CNS inflammatory pathways associated with schizophrenia ([@bib50]; [@bib56]; [@bib69]; [@bib70] ; [@bib83]; [@bib117]; [@bib119]; [@bib133]; [@bib135]; [@bib138]; [@bib142]; [@bib143]; [@bib199]; [@bib222]).

The burgeoning field of gut brain axis analyses is the subject of investigations directed at the understanding of how gut microbes might impact neuronal connections in the CNS. Importantly, the gut microbiome functions to regulate the immune system. The ability of intestinal epithelial cells to actively respond to microbes is mediated by innate immune pattern recognition receptors (Toll-like receptors), NOD-like receptors, and helicases expressed on cell surfaces. During times of mucosal stress, gut homeostasis becomes disrupted ([@bib190]). Although there are numerous reports of autism-related altered communities of the intestinal microbiome ([@bib1]; [@bib73]; [@bib74]; [@bib103]; [@bib148]; [@bib215]; [@bib216]), studies of the microbiome in schizophrenia are scant. Preliminary clinical studies report altered pharyngeal and intestinal microbiomes in individuals with schizophrenia as compared to controls ([@bib220]). Some insight can be gleaned from rodent studies, where manipulations of gut microbiota do in fact result in behavioral, biochemical, and molecular changes ([@bib40]; [@bib75]; [@bib98]; [@bib189]). [@bib47], for example, illustrated that behavioral effects accompanied changes in synaptic markers, synaptophysin and PSD95, in the striatum ([@bib47]). In these rodent studies, animal phenotypes were recovered with manipulations of gnotobiotic (germ-free) animals, vagotomy, probiotics, and/or antibiotics.

The ability of an extrinsically or intrinsically derived microbe, cell, protein, or other product normally found in peripheral circulation to enter to the CNS renders discussion of epithelial and endothelial barriers an important topic. Barrier permeability of the gut, blood--brain barrier, or blood--CSF barrier ([@bib11]; [@bib14]; [@bib110]) can arise from a variety of environmental factors or from genetic mutations in the many biological pathways that impact this cellular architecture. Barrier structures are composed of tight junctions (zonula occludens) that occur between the epithelial cells of the GI lumen of the GI tract; similar tight junction structures comprise the blood--brain barrier ([@bib45]; [@bib102]). The CSF--brain and CSF--blood barrier are slightly different, but these interfaces at the choroid plexus and arachnoid membrane are also relevant areas of access to the brain from the CSF ([@bib115]). For schizophrenia, CNS barrier dysfunction has been evaluated in studies of CSF dynamics and is often attributed to a low-grade, systemic inflammation ([@bib14]; [@bib16]; [@bib17]; [@bib110]; [@bib168]). In conjunction with analyses of plasma and CSF protein dynamics, it has been possible to detect evidence for barrier defects or restricted flow, as is particularly evident by the high prevalence of plasma-derived albumin. Abnormal measures of plasma-derived albumin in the CSF are noteworthy because the CNS does not synthesize albumin and its elevation would require transport across the blood--brain or blood--CSF barrier ([@bib197]). An increased albumin ratio can be indicative of either an anatomical barrier defect or a decreased CSF flow rate, a dysfunction with numerous physiological causes ([@bib157]; [@bib212]). The presence of pathological CNS structures such as choroid plexus calcification, arachnoid cysts, and decreased brain volume all can disrupt CSF flow patterns and all of these conditions have been previously associated with psychoses and schizophrenia ([@bib8]; [@bib113]; [@bib115]; [@bib125]; [@bib145]; [@bib157]; [@bib158]; [@bib162]; [@bib178]; [@bib206]; [@bib212]).

Although a systemic state of inflammation that might impact barrier integrities is most likely the result of immune activation from an environmental source, cellular barrier proteins and related biological pathways may also be the result of genetic associations. Specific barrier-related genes that have been significantly associated with schizophrenia include the tight junction protein claudin-5, cytoskeletal elements such as actin, haptoglobin, and nitric oxide synthetase ([@bib36]; [@bib90]; [@bib97]; [@bib122]; [@bib195]; [@bib210]; [@bib211]; [@bib218]; [@bib219]; [@bib225]).

The Maternal--Fetal Environment {#s0055}
-------------------------------

The etiology and pathogenesis of schizophrenia likely stem from aberrant neurodevelopment ([@bib118]; [@bib152]; [@bib156]). Perinatal-occurring environmental disturbances such as maternal stress, infection, or obstetric complications may interact adversely in genetically predisposed offspring to impact neural migration, synaptogenesis, myelination, and synaptic pruning ([@bib111]). Epidemiological and preclinical studies clearly indicate that exposure to maternal immune activity is associated with pathological brain development and thus maternal immune activation has become a strong risk factor for the development of schizophrenia ([@bib15]; [@bib33]; [@bib38]; [@bib82]; [@bib132]; [@bib177]). Specifically, maternal exposure to cytomegalovirus, herpes simplex virus type 2, influenza, rubella, *T. gondii*, and wheat glutens have all been documented to increase the risk of development of psychosis or schizophrenia ([@bib24]; [@bib31]; [@bib32]; [@bib34]; [@bib35]; [@bib62]; [@bib105]; [@bib141]; [@bib150]; [@bib217]). This repertoire was recently expanded to include exposure to general inflammation and innate immunity based on measures of C-reactive protein and complement C1q ([@bib38]; [@bib169]). In this section, we will review the timelines of brain and immune development and review the evidence where these trajectories might intersect and result in brain disorders ([Figure 1](#f0010){ref-type="fig"} ).Figure 1Developmental timelines of the brain and the immune system. Complex disorders such as schizophrenia are thought to arise when one or more neurodevelopmental processes are interrupted because of genetic and/or environmental factors. Various immune molecules, proteins, and cells such as C1q and major histocompatibility complex function in the brain during neurodevelopment, suggesting that any disruption in the immune system during pregnancy or postnatally has the ability to compound synaptic misconnections.Compiled from [@bib18], [@bib900], [@bib111], and [@bib140].

Neural development is a highly regulated process and since molecules and proteins of the immune system are continually being found to participate in mechanisms of normal brain development, any immune overactivation, or failure of the immune system to activate will impact brain circuitry. The immune environment during pregnancy is a complex balance aimed at preserving immune protection of both sides of the maternal--fetal interface. Several good reviews are available of how this interface is skewed maternally toward inhibiting fetal immunity and regulating and maintaining a protective Th2 environment over the pro-inflammatory cytotoxic Th1 immune response needed to fight infectious disease ([@bib18]; [@bib140]). Maternal immunity is antibody based and functions to maintain immune tolerance in the fetus and breast-feeding neonate. As a result, all antibodies including autoantibodies are passed to the offspring during this period. Furthermore, while under maternal immune protection, the antigen recognition system of the fetus is immature. Once maternal-derived immune factors are depleted, the immune system of the neonate must be redirected to become competent, including a more active Th1 component. Maturation of the innate and adaptive immune systems is a process that occurs from the fetal stage through adulthood ([@bib18]; [@bib111]; [@bib140]).

Molecules and proteins of the immune system are intrinsically intertwined with important brain processes during development. These processes include initial proliferation of glia and neurons, consequent migration, programmed cell death, formation of synapses, myelination, and synapse pruning with the overall endpoint to establish functional neuronal circuits ([@bib111]). Here, we present the case of complement C1q as an example of an immune molecule that is highly active in the developing brain and that is also implicated in schizophrenia-associated gene and environmental studies. In the developing immune system, relevant processes include immune cell appearance, colonization, expansion, and maturation. Complement C1q and MHC1 were some of the first immune molecules identified to function in synapse development and pruning in the brain ([@bib27]; [@bib76]; [@bib99]; [@bib175]; [@bib188]). Complement pathway-related genes that have been associated with schizophrenia include the C1QB gene, complement control-related genes, and complement surface receptor gene CD46 ([@bib91]; [@bib223]). Biologically, complement-containing circulating immune complexes were elevated in individuals with schizophrenia compared to controls and a primary antigenic component of these immune complexes was often found to be casein or gluten ([@bib7]; [@bib28]; [@bib123]; [@bib127]; [@bib170]; [@bib207]). Finally, elevated levels of maternal C1q IgG have been found to increase the odds for psychosis in offspring ([@bib169]). Given that maternal IgG antibodies begin transfer to the fetus at 13 weeks' gestation and approach maternal levels at time of birth ([@bib124]; [@bib179]), this study introduces the interesting possibility that autoantibodies to C1q present in the mother might interact with fetal C1q during critical periods of brain development. Specifically, if the process of normal C1q-mediated synapse formation and pruning is interrupted, synaptic connections will presumably be permanently altered in the developing brain either through overpruning or through underpruning. Other studies have connected the presence of maternal autoantibodies and with the development of autism spectrum disorders where maternal autoantibodies have been found to recognize brain proteins critical to the neurodevelopmental process ([@bib29]; [@bib30]).

Concluding Remarks {#s0060}
==================

This chapter provides an introduction into some of the mechanisms by which the immune system might be involved in the development of schizophrenia. If schizophrenia has an immune component, and if evidence indicates a primary rather than secondary role in disease pathogenesis, then interventions that target the immune system are warranted. Toward this end, one purpose of this review was to emphasize the very diverse and multiple ways in which the immune system might impact schizophrenia. Its etiology, pathogenesis, and pathophysiology may not just be a function of exposure to an infectious agent or food antigen or dysfunctional innate immunity. Therefore, designing a treatment strategy to an extraordinarily heterogeneous disease is difficult. It is extremely important to be able to identify the subsets of people who have immune-related conditions and fully characterize what kind of immune anomaly is present. Only in this manner can tailored treatments be evaluated. In the future, therapeutic strategies might involve monoclonal or monospecific antibodies to antagonize or inactivate antigenic or other protein targets or use of other immunosuppressive treatments. The rapid advance in the use of monoclonal antibodies for the treatment of autoimmune disorders provides hope that such therapies can also have a major impact on schizophrenia as well. Dietary interventions have been successful in some instances clinically, and developmental compounds aimed to normalize gut function and endothelial barriers in other capacities appear promising ([@bib78]; [@bib100]; [@bib112]; [@bib213], [@bib214]). An improved understanding of the role of immune activation in schizophrenia may lead, not only to an improved understanding of disease pathogenesis but also to a new methods for the prevention and treatment of this devastating disorder.
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